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Abstract
Development of a System for Ultrasonic Communication
Across Cylindrical Metal Walls
Cole T. Gindhart
Moshe Kam, Ph.D. and Richard Primerano, Ph.D.
Ultrasonic through metal communication systems are an effective solution for transmitting data
across a metal barrier when the structural integrity of the barrier cannot be compromised by physi-
cally penetrating it. Substantial improvements in through metal communication systems have been
made in recent years, enabling high speed communications of up to 15 Mbps, as well as power
transmission up to 30W across flat walls. We have developed a system that allows for ultrasonic
through metal communication across the wall of a steel tube approximately 48 mm in diameter and
12 mm in thickness. Primary challenges of 1) transducer contact, 2) curvature effect on echoes, and
3) alignment are analyzed and addressed through the use of radial mode piezoelectric transducers,
transducer “horns”, and Electromagnetic Acoustic Transducers (EMATs). The final system devel-
oped shows no significant loss due to changes in alignment, allows for the use of either piezoelectric
transducers or EMATs externally, and has a maximum channel capacity of approximately 600kbps
without echo equalization.

1Chapter 1: Introduction
With the increasing reliability of wireless systems, many industries are opting to replace old
hardwired systems with wireless ones. Wireless systems offer lower cost, higher flexibility systems
that can be deployed in some applications where wired systems would be too cumbersome. Despite
the benefits of wireless systems, their deployment in industrial environments can be difficult. A high
number of metal barriers such as walls, metal containers and pipes can block wireless signals from
their intended paths. In some cases, these barriers can be avoided by using repeaters mounted on
either side of the barrier with a hardwire connection passing through the barrier. However, in some
cases the option to penetrate the metal barrier, or route wire around it, is not viable.
In these select cases, ultrasonic through metal communication can be utilized to transmit through
the barrier. With the use of ultrasonic transducers, the barriers themselves become channels for
acoustic communication. Prior work in this area has developed ultrasonic through metal commu-
nications systems that can transmit at data rates up to 15Mbps, as well as some systems that can
transmit over 30W of power through metal barriers. These systems are limited in their application,
however. Prior work in ultrasonic through metal communication has focused on transmission across
flat metal barriers, with transducers that are well aligned and bonded to the barrier.
This study focuses instead on the design and development of an ultrasonic through metal com-
munication system that can be deployed on cylindrical metal walls. In industrial environments, there
are many situations where through metal communication may be desirable across non-flat barriers
such as pipes or the walls of pressure vessels. The curvature of these barriers present a number of
challenges that affect not only the physical development of the system, but also the development
of the communication schemes. The primary goal of this study is to develop a proof of concept,
ultrasonic through metal communication system that is capable of transmitting data across a curved
barrier. By identifying and studying the most significant challenges in transmission across curved
systems, the hope is to create a system that is capable of achieving a minimum 1kbps data rate.
2Additionally, development of a base understanding of the problems curved barriers present will set
the foundation for the advancements from prior work to be adapted to this system for transmission
across curved surfaces.
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2.1 Prior Work
Initial work on through metal communications began in the year 2000 with the development
and testing of the“HullCom” Acoustic Modem Unit by Hobart et al. [1]. The HullCom system
was developed for use on Volunteer Observer Ships collecting Seas Surface Temperature data for the
National Oceanic and Atmospheric Administration. The device was utilized to transmit temperature
readings across the hull of the ship from a thermosalinograph at the base of the hull, to the main
bridge at the top of the ship. Due to the low sampling rate of the system, there was no need for
high-speed communication and the maximum verified data rate achieved by Hobart et al., was 20
symbols per second.
The HullCom system communicated data from within a sealed box and had a relatively high
power requirement, which presented a challenge for maintaining the internal system. In order to
simplify the challenge of powering a transducer within a sealed container, techniques for power
transmission via ultrasonic waves were explored by a team of researchers at University of Nebraska
lead by Dr. Yuantai Hu [2]. Here, a general mathematical model was developed for assessing the
feasibility and efficiency of transmitting energy through a metal wall via ultrasonic waves. This
model considered two identical piezoelectric transducers mounted on opposite sides of a flat metallic
barrier. The work concluded that it is possible to transmit electrical power through a metal barrier
utilizing thickness mode piezoelectric transducers. The most interesting result from this research
was that the maximum power transmission efficiency is not achieved at the fundamental resonant
frequency of the system, but rather at one of the higher harmonic frequencies. The exact harmonic
with the maximum efficiency is not constant across all systems, but varies based on an assortment
of system parameters.
In 2005, a team of researchers from the California Institute of Technology expanded on the work
done by Hu et al. and developed a general network model for “Wireless Acoustic Electric Feed-
4troughs” [3]. Sherrit et al. took the pure mathematical model developed by Hu et al. and created
a network equivalent circuit model. The network model not only allows for more accurate and
realistic results by considering all of the mechanics and real world loss of the system, but also allows
for future work to be done by considering connections to additional networked circuits. Sherrit et
al. completed calculations with their model for a variety of transducer parameters, and their work
followed the same trends initially observed by Hu et al.
In 2006, a team at Rensselaer Polytechnic Institute worked to apply the theory developed by Hu
and Sherrit [4]. The team experimented with three different physical system layouts/communication
methods for transmission through a 15.4 cm thick steel barrier. The first method, which was named
the “Double-Hop Approach”, used a total of four transducers with a designated Transmit and Receive
transducer on each side of the barrier. The second method, called the “Reflected Pulse Approach”,
required only a single pair of transducers mounted on opposite sides of the wall. The external trans-
ducer communicated by generating pulses, while the internal transducer communicated by altering
its impedance to attenuate the reflected signal. The third method, called the “Hybrid Approach”,
fused the previous two methods. Two transducers were used externally, one designated for trans-
mit and the other for receive, while a single internal transducer communicated by attenuating the
reflected signal. Utilizing a simple pulse amplitude modulation (PAM) sinusoid with the “Hybrid
Approach”, Saulnier et al. successfully achieved 2-way communication with a maximum data rate of
approximately 500bps. At this limit the echoes within the metal barrier begin to create significant
inter-symbol interference (ISI).
Further work at Rensselaer Polytechnic Institute focused on the use of power harvesting in an
ultrasonic communication system. In 2007, Shoudy et al. published a paper discussing the details
of a communication system that transmitted at 55kbps with power transmission of over 0.25W [5].
This system made use of the “Reflected Pulse Approach” discussed by Saulnier et al., which involves
two transducers mounted directly opposite each other on a metal barrier. The external transducer
is powered directly and is an active system, while the internal transducer is passive and must be
powered through ultrasonic energy before communication can occur. Utilizing a voltage doubling
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5rectifying circuit, the internal transducer collects and stores energy from continuous wave (CW)
transmissions until the system can start up. Once the system is fully powered, the internal transducer
transmits data by adjusting its impedance and attenuating the reflected signal, which is then read
by the external transducer. The maximum data rate of 55kbps achieved in this paper is directly
limited by the echoes created within the metal channel, which cause significant ISI.
The continuous echoes within the metal channel were the limiting factor in data rate for Saulnier
et al., and are the most significant challenge to overcome for reliable through metal communication.
In 2007, a team at Drexel University developed a method for reducing interference from echoes [6].
Using a pair of transducers mounted directly opposite each other on a flat metal barrier, Primerano
et al., developed a pre-distortion filter to significantly reduce the effect of echoes in the metal channel.
Using narrow pulses to encode data with a simple on-off keying (OOK) scheme, a maximum data
rate of 50kbs was achieved before ISI caused by echoes became too great. Through the development
of a simplified system model, Primerano et al. created a pre-distortion filter that used a negative
pulse to attenuate the echoes. This method and simple OOK modulation scheme allowed for a
maximum data rate of over 1Mbps.
Continuing work at Drexel University focused on the development of more sophisticated data
modulation schema, while continuing to work with the same physical system consisting of two identi-
cal piezoelectric transducers, precisely aligned and securely mounted on opposite sides of a 1/4 inch
steel barrier. Proper preparation of the metal surface ensures no rust and minimal surface contam-
ination, while a layer of coupling gel is applied to allow for more efficient energy transmission from
the transducer to the metal barrier. Using this same physical system, Primerano et al. developed a
better system model and pre-distortion filter [7,8], explored the use of orthogonal frequency division
multiplexing (OFDM) [8-10], and advanced bit loading algorithms [11] to achieve data rates up to
15Mbps.
Further research at Rensselaer Polytechnic Institute, resulted in a system that is capable of
transmitting both data and power simultaneously. The final system was capable of transmitting
data at a maximum rate of 12.4Mbps while simultaneously transferring 32.5W of AC power through
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6a 6.3 cm block of steel [12].
These papers represent significant advancements in the capabilities of ultrasonic through metal
communication systems in the past 14 years. However, this prior research has only considered
ultrasonic through metal transmission across flat metal barriers with piezoelectric transducers that
are securely mounted to cleaned and prepared surfaces. In considering applications of through metal
communication in industrial environments, there can be additional physical obstacles such as curved
surfaces, inability to securely mount transducers, non-clean surfaces, etc. The focus of this work is
on the development of an ultrasonic though metal communication system that can transmit data
across cylindrical metal walls.
2.2 Types of Piezoelectric Transducers and Transmission Methods
In looking to design a through-metal transmission system that can handle these non-ideal physical
conditions, a variety of transmission methods were considered. These methods were based on the
types of commercially available piezoelectric transducers. Piezoelectric transducers can be purchased
from a variety of companies such as Steiner & Martins Inc. and APC International [13,14], and are
primarily used for non-destructive testing (NDT). Piezoelectric transducers are designed in a variety
of shapes that each allow for excitation of different modes of acoustic wave propagation, which each
have their own advantage for NDT. However, for the purposes of through metal communication, only
three primary transducer types were considered in this project: Longitudinal mode, Shear mode,
and Radial mode.
2.2.1 Longitudinal Mode
The first piezoelectric transducer type considered was longitudinal mode. Longitudinal mode
transducers are the standard type of transducer used in most of the systems tested in prior work.
These transducers work by expanding and contracting through their thickness, normal to the metal
barrier. This expansion and contraction generates compression waves that travel through the thick-
ness of the metal.
Chapter 2: Background 2.2 Types of Piezos and Transmission Methods
7Figure 2.1: Direction of expansion/contraction on longitudinal mode transducers
2.2.2 Shear Mode
The second type of piezoelectric transducer considered was shear mode. These transducers
expand and contract through their width, parallel to the metal barrier. This creates compression
waves that travel along the surface and near surface depth of the barrier, as well as shear mode
acoustic waves that travel through the barrier.
Figure 2.2: Direction of expansion/contraction on shear mode transducers
2.2.3 Radial Mode
The final type of piezoelectric transducer considered was radial mode. These are cylindrical
transducers that expand and contract through their radius. This type of transducer has been used
previously for underwater communication systems [15]. These ring transducers can be employed to
transmit waves through or along the surface of a barrier depending on how they are applied. These
transducers also have the added benefit of a 360◦ transmission envelope, as opposed to the narrow
directional transmission envelopes created by the other transducer types.
Figure 2.3: Direction of expansion/contraction on radial mode transducers
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8Each of these transducer types and the waves they generate have strengths and weaknesses
based on the situation. Each must be given consideration in the development of a through metal
communication system in order to develop the optimal set up. All three types are commercially
available in a variety of common sizes, and can be custom ordered to fit the needs of a given system.
Chapter 2: Background 2.2 Types of Piezos and Transmission Methods
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The most recent work on through metal communication [7-11] has focused primarily on increasing
the maximum data rate of communication systems, while using the same basic transducer layout
discussed in Chapter 2. While utilizing this common physical test bed of two identical transducers
securely mounted on opposite sides of a flat metal barrier, recent focus has been on the development
of more accurate system models and filters [7], the application of advanced modulation schemes
such as OFDM [8,9], and the use of advanced bit loading algorithms [9,10,11]. In order to make
ultrasonic through metal communication feasible across a wider array of industrial environments,
efforts must be made to develop alternate physical layouts. In this study, an ultrasonic through
metal communication system was developed that allows for communication across cylindrical metal
walls.
Transmission across curved barriers presents a number of physical challenges that have not been
considered in previous experiments. While prior work by Lawry cites transmission across a “slightly
curved” metal barrier [12], there is no discussion of the radius of curvature or any effects this had
on his work, and is therefore presumed to be negligible. This work aims to explore transmission
through surfaces with non-negligible curvature. Possible uses for this technology in industry include
transmission through pipes or the curved surfaces of tanks and pressure vessels. In order to develop
such a system, there are three primary physical challenges that must be overcome — contact,
curvature, and alignment.
3.1 Transducer Contact
The initial difficulty in deploying a through metal communication system on a curved barrier
comes in the mounting of the transducers themselves. If attempting to use a flat longitudinal mode
transducer on a curved surface, there would only be a single point of tangential contact externally,
and two points of contact along the edge of the transducer internally (Figure 3.1). This minor
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contact would not lend itself to a reliable communication system, so greater contact must somehow
be established. The simplest solution to this problem would be to alter the geometry of the barrier
to create two flat surfaces for mounting as shown below in Figure 3.1.
Figure 3.1: Transducer contact with unmodified curved barrier (left) and modified barrier
(right)
The primary drawback from this simple solution is that it requires manufacturing changes to the
barrier, and in some cases this may not be possible or cost effective. Therefore, we seek to develop
a system that will allow for communication through a curved surface without need to significantly
alter the geometry of the barrier.
Due to the challenges of getting proper transducer contact on a curved surface, we would like
to develop a system that does not require surface preparation or bonding of the transducers to
the barrier. Current systems require cleaning and preparation of the barrier’s surface, and solid
mounting of the transducers with epoxy and coupling gel. In some industrial applications, this
process may be cumbersome, or even impossible, due to factors such as rust, surface contaminants,
or irregularities in the contour of the barrier. The ability to transmit without direct surface contact,
or at least with non-bonded contact, would allow for ultrasonic through metal solutions in these
non-ideal situations.
Chapter 3: Objectives 3.1 Transducer Contact
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In looking for non-contact transmission methods, two alternatives were identified. The first
option is the use of a laser for the creation of ultrasound waves. This method was first utilized
in 1981 when researchers at the University of Hull in England explored the use of a Q-switched
Nd:YAG laser to excite various ultrasonic wave modes for NDT applications in 1981 [16]. This work
successfully demonstrated the production of longitudinal, shear, and surface waves in a variety of
metals using the laser, with no visible damage to the metal. While this method may be very effective
and efficient in NDT applications, it would be impractical for most applications of through-metal
communication. The development, installment and maintenance of a laser would be too involved
for most through metal communication systems. Additionally, although the laser has the benefit of
requiring no bonding to the barrier, it would still require significant surface preparation as the laser
suffers losses in efficiency if the metal surface is not free from contamination.
A second option is the use of electromagnetic acoustic transducer (EMAT). In 2009, Graham et
al. at Newcastle University demonstrated the use of EMATS for successful ultrasonic through metal
communication [17]. Using two identical EMATs, each held 0.8 mm from the surface of the barrier,
Graham et al. were able to achieve a raw symbol rate of up to 40ksps, which was improved to 1Mbps
with the application of a quadrature amplitude modulation (QAM) scheme. This presents a much
more attractive solution since EMATs are significantly cheaper and easier to work with than lasers,
and do not suffer the same efficiency losses from surface contamination.
3.2 Curvature / Echoes
The second challenge to overcome is the curvature of the barrier, and the effects it will have
on the ultrasonic waves. The primary limiting factor on data transmission rates in through metal
systems is the echoes, and the curvature of the surface has a significant effect on the propagation
of those echoes within the barrier. In order to develop an effective high-speed communication
system, the echoes must be understood, and their effects mitigated. In order to understand how the
curvature of the barrier effects the echoes in the system, an overview of acoustic echoes is presented
in Chapter 5, and a series of acoustic simulations were completed, the results of which can be seen in
Chapter 6.
Chapter 3: Objectives 3.2 Curvature / Echoes
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3.3 Transducer Alignment
The final physical challenge addressed in this study is the issue of alignment. When working
with curved surfaces, especially on pipes and small pressure vessels, it may be difficult to guarantee
proper alignment of transducers. As such, it is important to understand the effects that transducer
misalignment has on the system, and attempt to mitigate any negative effects. One way to do
this is through the use of a hybrid communication system. In all the prior work discussed thus
far, a uniform pair of transducers has been used for data transmission. However, this may not
always be the ideal system. In some applications it may be impossible to align two longitudinal
mode transducers across from each other, so it may be advantageous to utilize a longitudinal mode
and shear mode transducer aligned orthogonally to each other. Or it may be preferable to have a
securely mounted piezoelectric on the internal surface of a pressure vessel while using a non-bounded
transducer such as an EMAT externally.
These three challenges are what makes transmission through a curved surface unique when com-
pared with transmission across flat barriers. If these challenges can be appropriately addressed, the
advancements made in prior research of through metal communications should be easily applicable
to curved barriers.
Chapter 3: Objectives 3.3 Transducer Alignment
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Chapter 4: Experimental Setup
For this study a sealed metal vessel was used as the barrier for all testing. The vessel is made
of 4340 Steel and measures approximately 55 mm in height, and 48 mm in diameter. The internal
diameter of the vessel was machined to match the diameter of the selected internal transducer,
resulting in a final barrier thickness of approximately 12 mm.
Figure 4.1: Test vessel
The piezoelectric transducers selected for use in this system are radial mode cylinder transducers,
Part Number SMC26D22H13111, purchased from Steiner & Martins Inc [13]. The transducers
measure 26 mm outer diameter, 22 mm inner diameter, and 13 mm in height.
Figure 4.2: Radial mode transducer
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The radial mode cylindrical transducers were selected specifically for use as the internal, receiving
transducer. For simplicity, an identical cylindrical transducer was used externally for initial proof
of concept work.
Figure 4.3: Matching internal and external transducers
The complete system, as illustrated in Figure 4.4, consists of a serial data stream, which is then
modulated and passed through a power amplifier to the external transducer before being transmitted
through the metal barrier. The internal transducer receives the data, passes it through a receive
amplifier and demodulator where the serial data is recovered.
Figure 4.4: Complete system model as flow chart
Chapter 4: Experimental Setup
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The data modulation and amplification were completed by an Agilent 33250A Waveform gen-
erator connected directly to the external transducer. On the receive side, data acquisition was
completed using an Agilent Infiniium 54833A Oscilloscope. Both the waveform generator and os-
cilloscope were remotely controlled via Matlab, which was utilized for all serial data generation,
demodulation, recovery and analysis. Separate transmit and receive amplifiers were unnecessary for
initial testing due to the sensitivity of the oscilloscope.
Figure 4.5: Complete test system with Matlab as the start and end point
Chapter 4: Experimental Setup
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Chapter 5: Echo Analysis
One of the most significant challenges in developing high speed through metal communication is
dealing with the high multipath nature of a metallic channel. Without proper equalization, acoustic
echoes within the channel cause significant ISI and restrict the maximum data rate. Through
modeling and study of the echoes within flat walls, effective equalization techniques have been
developed that allow for significant increases in symbol rate, from 50 ksps to over 1 Msps [6].
In order to create comparable echo equalization methods for cylindrical wall transmission, the
echoes must be well understood. To properly understand these echoes, a basic understanding
of acoustic reflection, transmission, and refraction phenomena must be developed. Since we are
primarily interested in the echoes within a metal channel, in this case specifically 4340 steel, we will
only consider the equations governing the reflection, transmission and refraction of acoustic waves
in isotropic solids.
5.1 Acoustic Reflection
First let us consider the case of reflection of acoustic waves at a free plane boundary. A free
boundary is defined as the interface of a given medium and a vacuum. Since acoustic waves cannot
exist in a vacuum, all of the energy is reflected, and there is no need to consider transmission or
refraction.
5.1.1 Longitudinal Waves
For any given isotropic solid, there are typically two different wave velocities for each propagation
mode. These two different wave velocities results in birefringence, the generation of two different
mode reflected waves. So, when a longitudinal mode wave intersects with a free boundary at an
oblique angle, it generates not only a reflected longitudinal mode wave, but a shear mode reflection
as well.
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Figure 5.1: Reflection of a longitudinal mode wave on a free boundary
The geometric relationship of the incident and reflected waves is governed by Snell’s law:
sinα
Vs
=
sinβ
Vl
(5.1)
where α is the angle of the reflected shear wave, β is the angle of the incident and reflected longitu-
dinal mode waves, and Vl and Vs are the longitudinal mode and shear mode wave velocities of the
material. The amplitude of the reflected waves are a function of the angle of incidence and Poisson’s
Ratio for the given material and can be determined by the following equations:
2(Ai −Al) sinα sinβ −As cos 2α = 0 (5.2a)
(Ai +Al) sinβ cos 2α−As sinα sin 2α = 0 (5.2b)
where AI , Al, and As are the amplitudes of the incident wave, reflected longitudinal wave and
reflected shear wave.
Chapter 5: Echo Analysis 5.1 Acoustic Reflection
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5.1.2 Shear Waves
If we now consider the reflection of shear waves, there are two separate cases to study - reflections
from a surface parallel to the direction of particle motion, and reflection from a surface that is not
parallel to the direction of particle motion. The first case is the simpler one. When a shear wave
intersects with a free boundary whose surface is parallel to the particle motion no birefringence
occurs. The shear wave generates a single shear mode reflection, whose angle and amplitude are
identical to that of the incident wave.
Figure 5.2: Reflection of a shear mode wave on a free plane boundary that is parallel to the
particle motion
The second case is comparable to reflection of a longitudinal wave. When a shear wave intersects
with a free boundary whose surface is not parallel to the particle motion, birefringence occurs, and
two reflected waves are generated.
Figure 5.3: Reflection of a shear mode wave on a free plane boundary that is not parallel to
the particle motion
Chapter 5: Echo Analysis 5.1 Acoustic Reflection
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The geometric relationship of the incident and reflected waves is again governed by Snell’s law,
sinα
Vs
=
sinβ
Vl
(5.3)
and the amplitude of the waves are governed by a set of equations similar to those used for an
incident longitudinal wave:
(Bi −Bs) cos 2α− 2Bl sinα cosβ = 0 (5.4a)
(Bi +Bs) sinα sin 2α−Bl sinβ cos 2α = 0 (5.4b)
where α is the angle of the incident and reflected shear waves, β is the angle of reflected longitudinal
wave, Bi, Bl, and Bs are the amplitudes of the incident wave, reflected longitudinal wave and
reflected shear wave. What makes this case of shear wave reflection unique from the reflection of a
longitudinal wave is the existence of a maximum angle, called the angle of total reflection, beyond
which no longitudinal mode reflection is created. So, if the angle of incidence, α, is greater than the
angle of total reflection, defined by:
sin γ =
Vs
Vl
(5.5)
then only a shear mode reflection is generated. It is also worth noting that for materials with a
Poisson Ratio less than 0.26, there are two angles at which a total conversion of wave mode occurs
from the reflection, i.e. an incident longitudinal mode only creates a shear mode reflection and vice
versa. This shouldn’t be an issue in the test system of this study since Poisson’s ratio for 4340 Steel
is approximately 0.30 [21].
Chapter 5: Echo Analysis 5.1 Acoustic Reflection
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5.2 Acoustic Transmission/Refraction
Now we will consider what happens when an acoustic wave intersects with the boundary between
two heterogeneous media. At the interface between two media we must now consider the effects of
transmission and refraction of acoustic waves, in addition to reflection.
5.2.1 Longitudinal Waves
First we will consider the case of an incident longitudinal mode wave. When a longitudinal mode
wave intersects with the boundary between two heterogeneous media it generates four waves — a
longitudinal and shear reflection in the first medium, and a longitudinal and shear mode transmission
in the second medium.
Figure 5.4: Reflection and transmission resulting from a longitudinal mode wave at the inter-
face between two media
Once again, the geometric relationship between the five waves can be determined using Snell’s
law:
sinα1
Vl1
=
sinβ1
Vs1
=
sinα2
Vl2
=
sinβ2
Vs2
(5.6)
where α1 is the angle of incidence and reflected longitudinal wave in medium 1, β1 is the reflected
shear wave in medium 1, α2 and β2 are the reflected longitudinal and shear waves in medium 2, Vl1
and Vs1 are the longitudinal and shear velocities in medium 1, and Vl2 and Vs2 are the longitudinal
and shear velocities in medium 2.
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The amplitude of each wave can then be determined using the following system of equations:
Ai cosα1 =−Al cosα1 −Bl cosα2 +As sinβ1 +Bs sinβ2 (5.7a)
Ai sinα1 =−Al sinα1 +Bl sinα2 −As cosβ1 −Bs cosβ2 (5.7b)
Ai(λ1 + 2µ1)kl1 sin 2β2 =−Al(λ1 + 2µ1)kl1 cos 2β1 +Bl(λ2 + 2µ2)kl2 cos 2β2
+Asµ1ks1 sin 2β1 −Bsµ2ks2 sin 2β2 (5.7c)
−Aiµ1kl1 sin 2α1 =−Alµ1kl1 sin 2α1 −Blµ2kl2 sin 2α2
−Asµ1ks1 cos 2β1 −Bsµ2ks2 cos 2β2 (5.7d)
where Ai, Al, As are the amplitudes of the incident longitudinal, reflected longitudinal, and reflected
shear waves in medium 1, Bl and Bs are the amplitudes of the longitudinal and shear waves in
medium 2, λ1 and µ1 are the Lame´ constants for medium 1, λ2 and µ1 are the Lame´ elastic constants
for medium 2, and the k are defined as:
ki =
ω
Vi
(5.8)
5.2.2 Shear Waves
Once again, with shear waves we will consider two cases - when the boundary is parallel to the
motion of the particles, and when it is not. When the boundary is not parallel to the motion of the
particles, four reflected/transmitted waves are created just like with longitudinal mode wave.
Figure 5.5: Reflection and transmission resulting from a shear mode wave at the interface
between two media
Chapter 5: Echo Analysis 5.2 Acoustic Transmission/Refraction
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Once again, the geometry of the waves can be determined by Snell’s law,
sinα1
Vl1
=
sinβ1
Vs1
=
sinα2
Vl2
=
sinβ2
Vs2
(5.9)
and the amplitude of the waves can be determined by changing the left hand side of the system of
equations (5.7) to the following:
Ai sinβ1 = ... (5.10a)
Ai cosβ1 = ... (5.10b)
−Aiµ1k1s sin 2β1 = ... (5.10c)
−Aiµ1k1s cos 2β1 = ... (5.10d)
For the second case, where the boundary is parallel to the particle motion, no birefringence
occurs, and therefore no longitudinal waves are transmitted or reflected. Instead, a single shear
wave is transmitted and a single shear wave is reflected.
Figure 5.6: Reflection and transmission resulting from a shear mode wave at the interface
between two media
Chapter 5: Echo Analysis 5.2 Acoustic Transmission/Refraction
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Once again, Snell’s law can be used to determine the geometric values, and the following equations
can be used to determine the amplitude of each wave:
Ai +As = Bs (5.11a)
− µ1
Vs1
(cosβ1Ai − cosβ2As) = µ2
Vs2
cosβ2Bs (5.11b)
where µ1 and µ2 are the Lame´ constants of media 1 and 2, Vs1 and Vs2 are the shear wave velocities
of media 1 and 2, and Ai, As and Bs are the amplitudes of the incident wave, reflected shear wave
and transmitted shear wave, respectively.
5.3 Implications for Transmission Across Flat Barriers
Ideally, when communicating across flat barriers, you have two parallel boundaries to consider,
and the acoustic waves are traveling perpendicular to those barriers. This fact helps to greatly
simplify the analysis of the reflection, transmission and refraction since there are no oblique angles
of incidence. When a wave, of any mode, intersects with a free boundary at a normal angle, only
a single reflection is created. That reflection is identical in mode and amplitude, and only incurs
a 180◦ phase shift. Similarly, when we consider a wave, of any mode, that intersects with the
boundary between two heterogeneous media at a normal angle, it creates only a single reflection
and a single transmission of that same mode, and no refraction occurs. The amplitudes of the
transmitted and reflected waves are then calculated by multiplying the amplitude of the incident
wave by the reflection and transmission coefficients, which are defined as:
R =
Z2 − Z1
Z1 + Z2
(5.12)
T =
2Z1
Z1 + Z2
(5.13)
where Z1 and Z2 are the characteristics impedances of the two materials measured in Rayls.
Chapter 5: Echo Analysis 5.3 Implications for Flat Barriers
24
This simplification in the governing equations makes analytical assessment of the echoes within
a flat wall a relatively easy task. The acoustic waves bounce back and forth between the two walls
transmitting a small portion of energy into the transducers during each reflection, until all of the
energy has dissipated. No oblique angles are ever encountered, and as such, no wave modes other
than those desired are introduced into the channel. So on the receive side of the channel one would
expect to see a series of evenly spaced pulses with decreasing amplitude; the amplitude of each
pulse and the frequency of the waveform can be easily calculated using the dimensions and material
properties of the transducers and channel.
5.4 Implications for Transmission Across Cylindrical Barriers
Unfortunately, analytical assessment of the echoes within a cylindrical wall is a more daunting
task. While there is a portion of the acoustic wave that will act identically to the flat wall simulation,
this only occurs at the singular point on the wall where the tangent of the curve is perpendicular
to the acoustic wave. At every other point on the wall, the waves will be intersecting at oblique
angles, and therefore creating alternate mode waves. At each reflection, a single wave will create
two reflected waves of different modes, which will each travel at different speeds. Additionally, as
a result of the different reflection angles, each wave will travel a slightly different distance before
reaching the other side of the barrier. Due to these effects of increasing number of waves, different
wave modes, varying speeds, and different travel distances, the echo within a cylindrical channel
will likely be the sum of a multitude of pulse trains with varying amplitudes, frequencies, and time
offsets.
With this review of the acoustic phenomena of reflection, transmission, and refraction it is clear
that the echoes observed in a metal channel can vary greatly depending on geometry, material
properties, and wave mode. If we also consider additional complications such as transmission in
anisotropic media, acoustic attenuation, dispersion and scattering from material imperfections, and
other such phenomena the problem quickly becomes too complicated to solve without the use of
numerical methods. Therefore, in the next chapter a set of Matlab simulations are created to help
qualitatively assess the echoes within flat and cylindrical metal channels.
Chapter 5: Echo Analysis 5.4 Implications for Cylindrical Barriers
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Chapter 6: Simulation
One of the most significant challenges in developing high speed, efficient through metal commu-
nication, is dealing with the high multipath nature of a metallic channel. Due to the relatively high
characteristic acoustic impedance of metal compared to the surrounding materials (air or piezoelec-
tric transducer), the majority of acoustic energy transmitted into the barrier remains inside. When
an acoustic wave reaches the boundary of the metal channel, the amount of energy that is trans-
mitted/reflected can be calculated via the relationship between characteristic acoustic impedance
of the two materials. Using the reflection and transmission coefficients defined in Chapter 5, it can
be seen that at a barrier between air and steel, which have characteristic acoustic impedances of
47 MRayl and 411 Rayl, over 99.9% of energy is reflected back into the barrier. In the case of
a boundary between steel and a glycerin based couplant, which has a characteristic impedance of
2.5 MRayl, approximately 88% of energy is reflected. When communicating across flat walls these
reflections/echoes cause significant ISI and limit the maximum achievable data rate. Primerano et
al. have modeled these echoes encountered in a flat wall, and developed methods for negating their
effects, through the use of a pre-distortion filter [6,7].
During initial testing of transmission across a curved surface, a similar echo phenomenon was
expected to be observed, however no such echoes were encountered. Instead, the impulse response
of the system showed a long “tail” echo composed of an exponentially decreasing sinusoidal wave.
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Figure 6.1: Observed echo in curved
In order to understand why this “tail” was observed instead of distinct individual echoes, Matlab
was utilized to create acoustic simulations. Using K-wave, an open source acoustic wave simulation
toolbox, two simple simulations were completed - one for a flat barrier and one for a curved barrier.
K-wave is an open source toolbox for simulating time-domain propagation of acoustic waves.
The toolbox utilizes a pseudospectral, k-space model that has been proven to be as accurate as
finite element methods while allowing the use of smaller computational grids and larger time steps
[23-25]. K-space allows users to define a sample test bed by specifying material properties such as
density and speed of sound (Figure 6.2). Once the test bed is created, a sensor mask and initial
pressure values can be defined, and the simulation is run for a user-defined period of time. Since
these simulations were only being utilized for visual analysis of the echo patterns, they were greatly
simplified. For these simulations only three materials were considered: air, steel, and piezoelectric
material (PZT-4). All materials were assumed to be completely uniform, with perfect edges, and
the possible effects of surface contaminants, coupling gel, etc. were ignored.
Chapter 6: Simulation
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Figure 6.2: Density plots for (a) flat and (b) curved barrier simulations
For each simulation a single grid width line of initial pressure was defined within the transmitting
transducer, just before the edge of the boundary between the transducer and metal barrier. This
simulates a pressure wave created by a flat, longitudinal mode piezoelectric transducer. Similarly,
the sensor mask for each simulation was defined as a single grid width sensor inside the receiving
transducer just before the edge of the transducer-metal boundary. For the case of the curved
barrier simulation, the transmitting piezoelectric transducer was assumed to be convex with the
same curvature as the barrier, and the receiving piezoelectric transducer was considered to be a
cylindrical transducer.
6.1 Visualization of Echoes in Flat Barrier
At the start of the simulation, the initial pressure creates a wave that proceeds into the metal
barrier (Figure 6.3a). As this acoustic wave hits the boundary of the barrier, a portion of the energy
is transferred into the receiving transducer, while the majority of the energy is reflected back toward
the transmitting transducer (Figure 6.3b). Upon reaching the transmitting side of the barrier again,
a small portion of the energy is transferred back into the transmitting transducer, but once again
the majority of the energy is reflected (Figure 6.3c). This reflection then hits the receive side of
the barrier and transmits a second pulse of energy to the receive transducer (Figure 6.3d). These
reflections continue until all of the energy from the waves has dissipated, which can result in a
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different number of received pulses depending on the thickness and composition of the barrier.
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Figure 6.3: K-wave simulation of echoes in a flat barrier
The final output of the simulation is a graph of the normalized pressure measured at each sensor
grid vs. time (Figure 6.4a). Looking at this graph, two distinct positive pulses can be seen, each
of which have much smaller negative pulses immediately following them. By summing the pressure
from every sensor grid at a given time step and normalizing again, a waveform can be created that
can be interpreted as the electrical signal seen from the receive transducer (Figure 6.4b). Again,
two distinct pulses are visible - the initial transmit pulse, and the primary echo. The results of this
simulation match well with the results of the simulation completed by Primerano et al. [8].
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Figure 6.4: Results of the flat wall simulation: (a) pressure readings for each sensor grid at
each time step, (b) pseudo electrical signal
6.2 Visualization of Echoes in Curved Barrier
As discussed in Chapter 5, the assumption when testing transmission through cylindrical walls
was that a waveform composed of a series of impulse trains would be observed. To test this, an
identical pressure wave was defined and applied to the curved surface simulation.
Once again, at the start of the simulation, the initial pressure creates a wave that proceeds into
the metal barrier (Figure 6.5a). As this acoustic wave continues, a portion of the wave makes contact
with the internal boundary, and at that point some energy is transferred to the internal transducer
and the majority is reflected back to the exterior, just as it was with the flat wall. However, due
to the curved internal barrier, a portion of the wave does not make direct contact with the internal
barrier, and instead continues around the circumference of the barrier (Figure 6.5b). On a portion
of the barrier, the echoes continue just as they did in the flat wall, with the wave bouncing back and
forth between the two walls until all of the energy is dissipated. However, with the curved barrier,
a portion of every echo continues to travel around the circumference of the barrier (Figure 6.5c).
As these waves continue to travel back and forth around the circumference of the barrier, they
continually transmit small amounts of energy into the transducer (Figure 6.5d). When the waves
finally collide on the opposite side of the curved barrier, they reflect and begin to travel in the
opposite direction (Figure 6.5e). This pattern continues until all the energy has dissipated.
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Figure 6.5: K-wave simulation of echoes in a curved barrier
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Just as with the flat wall simulation, a final graph of the normalized pressure measured at each
sensor grid vs. time is created (Figure 6.6a). In this graph a dense set of positive and negative
waves is observed. Looking closely at the first received wave we see that it is curved, rather than
flat as it was in the previous simulation. This shows part of the distortion expected from a curved
wall, but it is incredibly difficult to interpret this graph for any further information. By summing
the pressure for the whole sensor mask at each time step and normalizing again, a sample electrical
signal is created (Figure 6.6b). This signal shows a sinusoidal waveform with decreasing magnitude,
which closely matches the “tail” echo observed in the experimental data (Figure 6.6c).
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Figure 6.6: Results of simulation compared with experimental results: : (a) pressure readings
for each sensor grid at each time step, (b) pseudo electrical signal, (c) recorded experimental
data
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Looking at the simulation results (6.6b), there is a series of alternating positive and negative
primary pulses, with a series of smaller pulses constantly seen across the wave from. The varying
magnitude of these smaller pulses matches the assumptions made in Chapter 5. Looking at the
experimental results (6.6c), the same pattern of alternating positive and negative primary pulses is
observed with a series of smaller pulses seen across the waveform. In the experimental data this
secondary series of smaller pulses is less defined, but the same pattern is recognizable. When viewed
from a larger scale this pattern looks like a noisy, exponentially decaying sinusoid, as seen below in
Figure 6.7.
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Figure 6.7: System Impulse Response
When looking at a continuous wave transmission this “tail” echo effect is even more pronounced
as a result of resonance in the transducer (Figure 6.8). In this test, a continuous sinusoid was
modulated by a square wave. While the transmitted pulse is a square wave only 2 ms in duration,
the received signal consists of an elongated pulse that lasts approximately 8 ms. Looking closely at
the received waveform, the first portion of the wave consists of a slowly increasing amplitude that
peaks after approximately 2ms. It follows intuitively that this portion of the wave corresponds to
the transmitted pulse. However, there is then 6 ms of a slowly decreasing “tail” portion that is the
combined result of resonance in the transducer and echoing in the barrier.
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Figure 6.8: Continuous wave echo
Regardless of the nature of the echo, whether it is a set of distinct pulses or a trailing ”tail”, the
ultimate effect on through metal communication is the same. Both types of echoes create ISI that
limits the maximum data rate achievable with simple communication schema such as CW-PAM, or
on-off keying with an impulse train. However, the difference in the types of echoes observed on a flat
and curved barrier means that the exact pre-distortion filter developed by Primerano et al. cannot
be directly applied to this system. However, through similar analysis of the impulse response of the
curved wall system in future work, a comparable pre-distortion filter should be achievable.
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Chapter 7: Results
As discussed in Chapter 3, the first objective of this work was to overcome the difficulties of
obtaining sufficient transducer contact on a curved surface. When attempting to utilize a flat
transducer on a curved surface, there is very little contact made. While this problem could be easily
resolved by altering the geometry of the barrier, it is desirable to develop a system that does not
require any such modification of the barrier. In order to increase contact between the transducer
and barrier, a radial mode transducer ring is selected for use. By selecting a radial mode transducer
whose radius matches the internal radius of the barrier, complete contact can be made between the
transducer and the barrier. In a typical industrial application, this would require a custom made
piezoelectric transducer, but for testing, a standard commercially available transducer was selected
and the interior of the test vessel was machined to match. For simplicity, an identical radial mode
transducer was used externally.
This ring transducer was assumed to act as a radial array of infinitely small longitudinal mode
transducers. This follows intuitively if one considers a small slice of the ring expanding and con-
tracting radially, its motion matches that of a longitudinal mode transducer expanding through its
thickness.
Figure 7.1: Expanding radial mode transducer, and transducer slice acting as longitudinal
mode transducer
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This assumption means that with a radial mode transducer mounted within a metal cylinder such
as the test container, a standard longitudinal mode transducer could be aligned anywhere along the
circumference of the cylinder without detriment to the transmission. This hypothesis is explored in
detail in Section 7.4.
7.1 Transducer Contact
While the selection of the radial mode transducer eliminates the contact issue internally, the use
of an identical transducer externally still provides only tangential contact, as shown in Figure 7.2.
(a) (b)
Figure 7.2: Contact between external transducer and test vessel
In order to provide better contact externally, a set of acoustic “horns” was developed. These
horns were machined from the same steel as the barrier and are designed to match the respective
curvatures of the transducer and barrier, theoretically providing a conduit for more acoustic energy
to be transmitted.
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(a) (b)
Figure 7.3: Transducer horns, and transducer bonded to horn
As acoustic energy passes from one medium to another, the amount of energy transmitted from
the first medium to the second is determined by the characteristic acoustic impedances of the two
materials. At the boundary between two different media, the amount of energy reflected back into
the original media is determined by the Reflection coefficient, which is calculated as follows:
R =
Z2 − Z1
Z1 + Z2
(7.1)
The amount of energy that is reflected is equal to R2 of the energy in the incidental wave. In
the case of a boundary between steel and PZT-4, where steel has a typical impedance of 47 MRayl,
and PZT-4 has a typical impedance of 30 MRayls, only approximately 5% of the energy is reflected
while the rest is transmitted across the boundary. However if we consider a steel-air boundary,
or PZT-air boundary, over 99% of the energy is reflected since the impedance of steel and PZT is
several orders of magnitude greater than the impedance of air, which is around 400 Rayl. With the
addition of the acoustic horn, there are now two boundaries to consider, the piezo-horn boundary,
and the horn-barrier boundary. If we consider the ideal scenario, with perfect interfaces at each
of these boundaries, then 5% of the initial energy is reflected at the piezo-horn boundary and no
energy is reflected at the horn-barrier boundary. Looking at the real world application there is
significantly more loss. The horn is secured to the transducer with an epoxy, which creates another
boundary and increases the amount of energy lost. Given that epoxy has an impedance of 3.25
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MRayls [23], 75% of the initial energy is reflected at the piezo-horn connection. Additionally, as the
result of an imperfect interface, and surface contaminants causing diffraction, more energy is lost at
the horn-barrier interface.
These additional energy losses may counteract the benefit of increased surface area for acoustic
transmission. Comparing the impulse responses of a piezoelectric transducer in direct contact with
the barrier and a piezoelectric transducer with a horn, peak amplitudes of 0.78 VPP were measured
for each.
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Figure 7.4: Impulse response from (a) transducer, and (b) transducer with horn
While no noticeable change in system performance is seen from the use of the horn, it does
provide some mechanical benefits. The addition of the horn makes it easier to hold the transducer
in place on the exterior of a cylindrical barrier. Also, if the steel barrier is in good condition (i.e.
little surface imperfection or contamination), the horn reduces the need for coupling gel.
7.2 Electromagnetic Acoustic Transducers (EMATs)
In addition to the use of piezoelectric transducers and acoustic horn attachments, a non-contact
transmission system was developed using an Electromagnetic Acoustic Transducer (EMAT). Like
piezoelectric transducers, EMATs are used in a variety of NDT applications. EMATs provide a
significant advantage over direct-contact piezoelectric transducers since they generate the ultrasonic
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waves within the test material itself, rather than transmitting the waves into the material. This
eliminates the need for direct contact between the transducer and the barrier, and significantly
reduces the need for any surface preparation. Since the EMAT does not require direct contact, it
can work in a number of situations where a piezoelectric transducer could not, i.e. on a material that
is too hot to make direct contact with. While the EMAT has many advantages, it is significantly
less efficient than piezoelectric transducers; an EMAT requires a lot more power to generate a signal
with the same amplitude.
An EMAT creates ultrasonic waves through the excitement of eddy currents and the generation of
Lorentz forces. An EMAT consists of two primary components: a length of wire with an alternating
current, and a static magnetic field. By placing a wire with an alternating current near a conductive
material, Eddy currents are induced in the skin depth of the material based on Faraday’s Law of
Induction. When exposed to a static magnetic field, these Eddy currents generate a Lorentz force
orthogonal to the plane created by the current and magnetic field:
F = q(E + ν ×B) (7.2)
where E is the electric field, B is the magnetic field, v is the velocity of the particle, and q is the
charge of the particle.
This mechanism can be utilized to excite a variety of modes of acoustic waves, including some
complex wave modes that are not easily realized with a piezoelectric transducer, giving yet another
advantage to the use of EMATs. While these complex wave modes may have significant application
in non-destructive testing, we are only interested in longitudinal mode waves for this communication
application.
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7.2.1 EMAT Design
In 2005 a team at the University of Maine developed a novel EMAT design for efficient generation
of longitudinal waves [19]. This EMAT was designed to increase the strength of the magnetic field and
increase the amount of active coil in order to eliminate parasitic inductance. This was accomplished
by creating a cylindrical design that reduces the distance between magnetic poles and keeps the
entire coil in the magnetic field.
Figure 7.5: Design of EMAT for efficient generation of longitudinal waves
For our testing, a nearly identical EMAT has been developed. The EMAT consists of a total of
five NdFeB grade N42 magnets — a stack of four axially magnetized rings (K&J Magnetics model
#RY0X04) and a single axially magnetized rod (K&J Magnetics model #D4X0) [20]. In between
the ring and rod sits a pancake coil consisting of 8 turns of AWG 24 magnet wire.
Figure 7.6: Constructed EMAT
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In order to prevent direct contact between the EMAT and the vessel during testing, a 3mm
standoff was 3D printed out of ABS plastic. This air gap of 3mm was maintained for all tests
involving the EMAT.
Figure 7.7: EMAT mounted on vessel with 3mm standoff
7.2.2 Comparison of EMAT and Piezoelectric Performance
While the use of the EMAT provides a number of benefits compared to a piezoelectric transducer,
its major drawback is efficiency. This is seen in the impulse response of the system when the external
piezoelectric transducer is replaced with the EMAT. Using an identical input from the function
generator, a peak amplitude of 0.45 VPP was measured internally. This represents a nearly 43%
decrease in signal magnitude.
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Figure 7.8: Comparison of impulse response with input from EMAT and piezoelectric trans-
ducers
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In addition to this decrease in amplitude, there seems to be an increase in the decay rate of
the signal. To more accurately assess this difference in decay rate, a second impulse response was
obtained from the piezoelectric transducer, this time with an amplitude that matched that of the
EMAT response.
−0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
−0.25
−0.2
−0.15
−0.1
−0.05
0
0.05
0.1
0.15
0.2
0.25
Time (µs)
Vo
lta
ge
 (V
)
Impulse Responses
 
 
Piezo w/ horn
EMAT
Figure 7.9: EMAT performance comparison 2
Even with nearly identical maximum signal amplitude, the signal from the EMAT decayed in
approximately 2/3 of the time when compared with the piezoelectric transducer, approximately
2.2 µs vs. 3.3 µs. Presumably, this is due to a lack of resonance in the EMAT. Given this quicker
decay rate, if a comparable signal-to-noise ratio (SNR) can be obtained from both transducers, the
EMAT should be able to provide a slightly higher data rate.
7.3 Communication Schemes
Two primary communication schemes were tested in this study. The first scheme was a narrow-
band approach that utilized a continuous wave. The second was a wideband approach that utilized
an impulse train.
7.3.1 Narrowband
Initial communication testing began with a continuous wave pulse amplitude modulation (CW-
PAM) scheme. A carrier frequency of 45 kHz was selected to match the resonant frequency of the
transducer Using a 10 VPP, 45 kHz carrier wave, on-off keying pulse amplitude modulation was
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utilized to transmit serial data. Without any filtering or equalization this communication method
only allowed for a maximum data rate of approximately 500 bps before ISI began to cause errors.
The resonance within the transducer creates a “tail” on each bit that takes over 5 µs to decay to
root mean square (RMS) noise levels.
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Figure 7.10: (a) CW-PAM transmission with 45kHZ carrier wave, and (b) a close up view of
one bit
In addition to the advertised resonance peak of the transducer, there were a number of comparable
peaks in the hundred kHz region, and a significant peak was found around 18MHz.
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Figure 7.11: Resonant frequency sweep from (a) 0-25MHz and (b) 0-1MHz
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7.3.2 Wideband
In order to capitalize on the on the multiple resonant frequencies of the system, a wideband
communication scheme was utilized. Using an on-off keying scheme with an impulse train, we hoped
to excite multiple frequencies simultaneously and achieve a more robust transmission with a higher
data rate and SNR. A transmission scheme was developed that consisted of a series of five 5 µs
impulses at the start of each bit. Figure 7.12 below shows a sample transmission at a data rate of
1kbps.
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Figure 7.12: 1kbps transmission using an OOK pulse train
A closer look at each impulse cluster shows no signs of echoing, meaning the data rate could be
substantially improved. While keeping all five redundant impulses for each bit, a data rate of up to
20 kbps is achievable.
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Figure 7.13: Single bit view of wideband modulation scheme
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Comparing the performance of this impulse modulation scheme for the piezoelectric transducer
and the EMAT, we see SNR values of 5.2 dB and 3.2 dB, respectively. With these low SNR values,
and a max symbol rate of 20ksps, the use of a piezoelectric transducer would allow for a maximum
channel capacity of approximately 40 kbps, while the EMAT would only allow for a max of 32 kbps.
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Figure 7.14: Comparison of wideband modulation scheme for piezoelectric transducer (with
and without horn) and EMAT
If we wanted to maximize the data rate of the system, without implementing echo cancellation,
an on-off keying scheme consisting of 56 ns impulses could be used to enhance ringing at the 18MHz
resonant frequency. As Figure 7.15 shows, when the system is excited with a 56 ns impulse from
a piezoelectric transducer, the echo “tail” fades to the level of RMS noise in approximately 3.5 µs.
Even with a very conservative approximation of 10 µs for every echo to completely fade, a modulation
scheme utilizing 56 ns impulses could achieve a symbol rate of up to 100ksps. If we assume exactly
3.5 µs fade time for each echo, then the system could be capable of up to 285ksps, before any ISI
occurs. Given a max symbol rate of 285ksps, and an SNR of 5.2dB, the channel has a maximum
theoretical capacity of 600kbps. Given the low SNR values of the system, the theoretical bit error
rate is approximately 3.5e-2.
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Figure 7.15: System impulse response showing 3.5 µs echo decay time
7.3.3 Two-way Communication
The viability of 2-way communication with this system was tested by examining the reverse
impulse response of the system for each of the three external transducer set-ups. As was seen
previously, the piezoelectric and piezoelectric with horn seem to perform identically with maximum
amplitudes of 1.11 VPP each. When acting as a receiver the EMAT performs nearly as well as the
piezoelectric, with a peak amplitude of 1.09 VPP; only a negligible difference from the performance
of the piezoelectric.
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Figure 7.16: Response of system for an input of 56 ns impulse applied to internal transducer
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7.4 Transducer Alignment
The final challenge addressed in this study is that of alignment. In ultrasonic transmission across
flat surfaces, the system is very sensitive to alignment. Since precise alignment across a curved surface
is difficult to maintain, the effects of alignment changes on the efficiency of the system needs to be
explored in depth.
For alignment testing, two primary baselines were defined - one for measuring axial alignment
and one for measuring radial alignment (Figure 7.17). For axial alignment, the baseline was defined
at the bottom of the internal transducer, which is seated approximately 11 mm from the base of the
vessel. For radial alignment, the baseline was defined where the leads are soldered to the internal
receiver.
Figure 7.17: Radial baseline (left) and axial baseline (right)
In order to ensure consistency in the measurements, a test apparatus was constructed (Fig-
ure 7.18). The apparatus consisted of a set of aluminum L-brackets that were utilized to hold the
transducer in a constant position and orientation (with the horn pointing straight up). The vessel
was then placed directly on top of the transducer, and when necessary an aluminum brace was
utilized to help support and balance the vessel. This test apparatus allows for a constant force to
be applied to the transducer for every test.
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Figure 7.18: Simplified model of the test apparatus for alignment testing
The alignment testing procedure was as follows. For each trial, a 56 ns, 20 VPP impulse was
applied to the external transducer. The response was then recorded from the internal transducer,
and both the time-domain and frequency-domain content was analyzed. As Figure 7.19 below
shows, three local power maxima were identified in the frequency domain for each signal. The first
is a relatively small maximum at near DC values, corresponding to the resonant frequency of the
transducer, 45 kHz. The second, and largest peak, occurs around 4.5 MHz. The third and final
peak occurs around 18 MHz. While the exact power distribution varies slightly for each of the
recorded impulse responses, the same three local maxima are always seen around 45kHz, 4.5MHz,
and 18MHz.
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Figure 7.19: Time domain plot and power spectral plot of impulse response
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Based off these three peaks, the frequency spectrum was divided into three bands for analysis -
the low band (0 - 1MHz], the mid band (1MHz - 10MHz], and the high band (10MHz - 25MHz].
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Figure 7.20: Frequency band definitions
For each trial four quantities were calculated:
1. RMS power in the time domain
2. Total power in the low frequency band
3. Total power in the mid frequency band
4. Total power in the high frequency band
all of which are recorded in units of dBmW.
Before either of the alignment tests was completed, an attachment cycling test was completed to
measure the amount of variation seen in the recorded quantities on a consistent point of alignment.
Using calipers to ensure proper alignment, ten separate trials were completed at the origin (0,0),
defined as a 0mm offset axially, and a 0 degree offset radially. Between each test, contact between
the transducer and vessel was severed and then reestablished. Table 7.1, below, summarizes the
results of this consistency test. The most important value with regard to this study is the RMS
power in the time domain, as that is primary criteria for detecting symbols in both communication
schemes discussed in section 7.3. We can see that while maintaining the same position on the vessel
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an average of approximately 8 dBmW was observed with a standard variation of 0.11 dBmW. This
variation seen in this test can all be attributed to the change in transducer/barrier bonding. This
provides a good baseline for assessing changes in transmission efficiency from alignment.
Table 7.1: Results from alignment consistency test
Value Average Standard Deviation Max Min
RMS Power 8.00 0.11 8.07 7.69
Low Band Power -1.79 0.38 -1.30 -2.50
Mid Band Power 11.94 0.16 12.04 11.51
High Band Power 6.64 0.01 6.67 6.62
7.4.1 Radial Alignment
The selection of a cylindrical radial mode transducer for use internally was made not only to
help with contact issues, but with the hope that it would help eliminate any loss of efficiency from
radial alignment of the external transducer. The hypothesis was that the radial mode transducer
acts as an array of infinitely small identical longitudinal mode transducers, and as such no change
would be observed as the external transducer is moved around the circumference of the container.
To test this hypothesis, measurements were taken at eight spots around the circumference of the
vessel, with constant spacing of 45 degrees. In order to prevent combined error from radial and
axial alignment issues, calipers were utilized to ensure the transducer maintained a 0mm axial offset
during the radial alignment testing. At each location, twenty individual trials were recorded and
analyzed. Table 7.2 below presents the overall results of the radial alignment testing, while more
complete data can be found in Appendix A.
Table 7.2: Results of radial alignment testing
Value Average Standard Deviation Max Min
RMS Power 8.01 0.14 8.15 7.25
Low Band Power -6.48 0.47 -5.49 -8.19
Mid Band Power 12.03 0.16 12.20 11.03
High Band Power 6.64 0.19 6.78 5.01
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In this test we see nearly identical results in all four quantities. The RMS power has the same
average value with only an insignificant increase of 0.03 dBmW in standard deviation. Looking at
the low band power we see a significant drop in the average of nearly 5 dBmW, but the standard
deviation remains relatively constant. Since the standard deviation remains constant, this drop in
the average value is assumed to be the result of some shift in the test environment, i.e. a change in
the stability of the test apparatus, or a change in environmental vibrations. The only indication of
any change as a result of alignment is in the standard deviation of RMS power at each position.
Table 7.3: Average value and standard deviation for RMS power measurements at each radial
alignment position
Position Average Standard Deviation
0 8.03 0.05
45 8.05 0.05
90 7.98 0.19
135 8.00 0.16
180 7.97 0.21
225 8.04 0.06
270 8.06 0.05
315 7.98 0.20
Table 7.3 shows that as the distance from 0 is increased, a greater deviation in measurement is
observed. While this change is insignificant on this system, it could become an issue on cylinders
with a larger radius.
7.4.2 Axial Alignment
To test the effects of axial misalignment, a similar testing procedure was followed. While main-
taining a constant radial alignment, of 0 degrees, the axial alignment was varied in steps of 5mm
above and below the baseline. At each of the positions, twenty individual trials were recorded and
analyzed. Table 7.4 below presents the overall results of the radial alignment testing, while more
complete data can be found in Appendix B.
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Table 7.4: Results of axial alignment testing
Value Average Standard Deviation Max Min
RMS Power 8.26 0.19 8.79 7.33
Low Band Power -5.12 0.93 -1.89 -7.75
Mid Band Power 12.25 0.24 12.80 11.01
High Band Power 6.96 0.09 7.43 6.75
Once again, we see a slight increase in the standard variation of each of the four quantities,
but this change is less than 0.1 dBmW for all quantities except the low band power. In the low
frequency band we now see a standard deviation of nearly 1 dBmW; however, this deviation seems
to be independent of the axial alignment. If we look at Table 7.5, we see that the standard deviation
is over 0.8 dBmW at every position, and actually reaches a maximum at the 0 mm baseline.
Table 7.5: Average value and standard deviation for low band power measurements at each
axial alignment position
Position Average Standard Deviation
-10 -4.90 1.00
-5 -5.02 1.03
0 -5.07 1.01
5 -4.99 0.95
10 -4.95 0.89
15 -5.23 0.87
20 -5.32 0.87
25 -5.31 0.93
Once again, this seems to indicate that there was some shift in the test environment. Since most
of the power in the system is located in the mid and high bands, these variations in the low band
are not important to the performance of the system. A high pass filter with a cut-off frequency in
the range of 500kHz - 1MHz would effectively eliminate the low band power, and any environmental
interference that may be at play in that band.
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Based on the previous two alignment tests, the system appears to suffer very little loss from
changes in alignment. To help confirm this conclusion, a set of random alignments was tested. Ten
random positions, that included both axial and radial offsets, were selected and tested. As Table 7.6
below shows, the average values and standard deviations align well with the values seen for all four
criteria in the attachment cycling test.
Table 7.6: Results of combined random axial and radial alignment testing
Value Average Standard Deviation Max Min
RMS Power 8.08 0.09 8.19 7.91
Low Band Power -0.97 0.19 -0.67 -1.37
Mid Band Power 12.00 0.13 12.13 11.78
High Band Power 6.74 0.02 6.77 6.70
Overall, the changes in alignment, whether axial, radial, or both, have no significant effect on
the performance of the system. While some patterns correlating the change in alignment to changes
in measured quantities are observed, the changes are small enough that they have a negligible effect
on this system. However, as the size of the barrier changes, the effects of misalignment may reach
a point where they are no longer negligible. Therefore, this testing should be completed on larger
scale barriers in the future.
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Chapter 8: Conclusions
The general thrust of this research was to develop a more robust system for through metal
communication; one that considered more of the physical complications that might be encountered
in an industrial environment. Specifically, this work focused on transmission across cylindrical metal
walls, and the effects that such a barrier has on the communication system. Three primary challenges
related to curved barriers were identified for study - contact, curvature, and alignment.
The first primary challenge addressed was contact. A curved barrier makes the use of com-
monplace longitudinal transducers, which have flat contact surfaces, impossible without some mod-
ification to the geometry of the barrier itself. To overcome contact challenges the following was
accomplished:
• The use of radial mode transducers were adopted for use internally. These curved transducers
mate well with the curved barrier, and effectively eliminate any radial alignment issues.
• Transducer “horns” were developed for use with externals transducers. While these horns
provided no improvement in transmission efficiency, they provide a mechanical benefit, making
it easier to position a transducer and hold it in place.
• An EMAT was developed which allows for non-contact communication. Additionally, effective
2-way communication was demonstrated between a hybrid system involving one EMAT and
one piezoelectric transducer.
The second primary challenge addressed was curvature. The high multipath nature of acoustic
transmissions through metal barriers significantly limits the communication speed. The strong
echoes cause significant ISI if not properly handled, which require either low data rates, or the
development of echo cancellation methods. In order to communicate efficiently across cylindrical
metal walls, the effect of curvature on echoes must be well understood. Using the k-wave toolbox
for Matlab, two simplified acoustic simulations were completed. These simulations confirmed what
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was observed in the experimental results. In both cases, the echoes seen in the cylinder wall consist
of a “tail” echo that is an exponentially decreasing sinusoid as opposed to discrete impulses as seen
in flat barriers.
The final challenge addressed was alignment. When working with cylindrical barriers, it may
be difficult to guarantee proper alignment of transducers. As such it is important to understand
the affect that transducer misalignment has on the system, and attempt to mitigate any negative
effects in this communication scheme. Thorough alignment testing was completed and showed that
this specific system suffers only negligible performance loss as a results of both axial and radial
misalignment. However, the results of the alignment testing suggests that these performance losses
may not be negligible on larger scale systems.
At the completion of this study, an ultrasonic communication system was developed that effec-
tively communicates through a 12 mm thick steel barrier with an outer radius of approximately 24
mm. This system suffers only negligible loss from misalignment, and is capable of two-way commu-
nication while using either a piezoelectric transducer or EMAT externally. A maximum data rate of
1kbps was demonstrated, and the max theoretical channel capacity was calculated to be 600kbps.
8.1 Recommendations for Future Work
• Thorough study of acoustic waveguide design, and subsequent redesign of transducer horn.
• Further analysis of echoes in cylindrical barriers with more precise simulations.
• Development of a system model, and pre-distortion filter for echo cancellation.
• Detailed testing of EMAT performance, including resonance analysis and testing of transmis-
sion efficiency vs. distance from barrier.
• Analysis and testing of system on larger cylindrical barriers, and determination of critical
radius — when curvature begins to effect system performance.
• Measurement of emitted radio frequency (RF) waves from system, to ensure adherence to FCC
standards.
Chapter 8: Conclusions 8.1 Recommendations for Future Work
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Appendix A: Radial Alignment Data
Table A.1: RMS power measurements for radial alignment tests
Position Average Standard Deviation Max Min
0 8.03 0.05 8.12 7.87
45 8.05 0.05 8.12 7.95
90 7.98 0.19 8.11 7.26
135 8.00 0.16 8.11 7.35
180 7.97 0.21 8.11 7.25
225 8.04 0.06 8.12 7.89
270 8.06 0.05 8.14 7.98
315 7.98 0.20 8.15 7.26
Table A.2: Low Band Power measurements for radial alignment tests
Position Average Standard Deviation Max Min
0 -6.48 0.34 -5.79 -7.08
45 -6.64 0.51 -5.88 -7.75
90 -6.47 0.54 -5.49 -7.42
135 -6.44 0.43 -5.72 -7.27
180 -6.49 0.44 -5.73 -7.12
225 -6.42 0.56 -5.70 -8.19
270 -6.51 0.49 -5.67 -7.50
315 -6.42 0.44 -5.64 -7.55
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Table A.3: Mid Band Power measurements for radial alignment tests
Position Average Standard Deviation Max Min
0 12.04 0.06 12.16 11.86
45 12.07 0.05 12.15 12.00
90 11.99 0.24 12.15 11.03
135 12.04 0.12 12.16 11.61
180 11.99 0.20 12.14 11.42
225 12.05 0.07 12.16 11.88
270 12.08 0.06 12.18 11.97
315 11.99 0.26 12.20 11.06
Table A.4: High Band Power measurements for radial alignment tests
Position Average Standard Deviation Max Min
0 6.66 0.06 6.74 6.47
45 6.68 0.07 6.78 6.43
90 6.62 0.19 6.74 6.00
135 6.59 0.37 6.74 5.01
180 6.60 0.32 6.72 5.25
225 6.68 0.03 6.73 6.61
270 6.68 0.02 6.71 6.65
315 6.64 0.09 6.72 6.31
Appendix A: Radial Alignment Data
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Appendix B: Axial Alignment Data
Table B.1: RMS power measurements for axial alignment tests
Position Average Standard Deviation Max Min
-10 8.26 0.18 8.48 7.85
-5 8.29 0.14 8.46 7.95
0 8.27 0.18 8.46 7.86
5 8.28 0.19 8.45 7.70
10 8.29 0.16 8.51 7.86
15 8.14 0.33 8.79 7.33
20 8.25 0.14 8.41 7.94
25 8.28 0.16 8.44 7.91
30 8.26 0.16 8.48 7.89
Table B.2: Low Band Power measurements for axial alignment tests
Position Average Standard Deviation Max Min
-10 -4.90 1.00 -1.89 -6.08
-5 -5.02 1.03 -1.93 -6.86
0 -5.07 1.01 -2.62 -7.05
5 -4.99 0.95 -2.86 -6.73
10 -4.95 0.89 -3.03 -6.79
15 -5.23 0.87 -3.75 -7.71
20 -5.32 0.87 -3.61 -7.72
25 -5.31 0.93 -3.51 -7.67
30 -5.34 0.85 -3.90 -7.75
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Table B.3: Mid Band Power measurements for axial alignment tests
Position Average Standard Deviation Max Min
-10 12.23 0.22 12.52 11.66
-5 12.27 0.16 12.49 11.91
0 12.25 0.22 12.50 11.79
5 12.26 0.23 12.48 11.58
10 12.29 0.19 12.54 11.80
15 12.10 0.43 12.80 11.01
20 12.25 0.18 12.45 11.89
25 12.29 0.19 12.49 11.87
30 12.26 0.20 12.52 11.84
Table B.4: High Band Power measurements for axial alignment tests
Position Average Standard Deviation Max Min
-10 7.01 0.08 7.19 6.78
-5 7.01 0.09 7.19 6.80
0 7.00 0.10 7.16 6.79
5 6.98 0.08 7.10 6.75
10 6.97 0.10 7.28 6.78
15 6.93 0.13 7.43 6.78
20 6.92 0.06 7.06 6.80
25 6.92 0.06 6.98 6.78
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Appendix C: Random Alignment Data
Table C.1: Random alignment positions
Trial Axial Alignment (mm) Radial Alignment (degrees)
1 -5 45
2 -10 270
3 10 90
4 20 180
5 25 45
6 -5 180
7 15 90
8 10 225
9 -10 225
10 5 225
Table C.2: Measurements from random alignment tests
Trial No. RMS Power Low Band Power Mid Band Power High Band Power
1 7.96 -0.85 11.82 6.77
2 7.91 -0.90 11.78 6.72
3 8.13 -1.05 12.05 6.76
4 8.19 -0.97 12.13 6.75
5 8.01 -0.85 11.89 6.77
6 8.11 -0.67 12.03 6.74
7 8.16 -0.88 12.09 6.74
8 8.10 -1.37 12.03 6.74
9 8.17 -1.06 12.13 6.70
10 8.10 -1.14 12.04 6.70
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Appendix D: Design Standards Discussion
The appropriate engineering standards used in the design include Title 47 of the Electronic Code
of Federal Regulations - specifically Chapter 1, Part 15 which discusses the Federal Communication
Commission’s (FCC) guidelines for the operation of Radio Frequency Devices. Any commercial
device that generates or receives RF waves is subject to inspection by the FCC and in many cases may
require certification or licensing before it can be sold or used. However, the specific communication
system considered in this thesis falls under the category of Unintentional Radiators, devices that
generate radio frequency waves during their operation, but are not specifically designed to generate
or emit RF waves. Based on this classification the device is exempt from any specific technical
standards and is only subject to general operation conditions.
Within the guidelines §15.103 provides a list of Unintentional Radiators that are exempt from
specific technical standards, which include digital devices used exclusively as an electronic control
system or test equipment operating in an industrial plant. Since the communication device in this
study was designed for use in industrial environments, it falls in this category, and is therefore
exempt from specific technical standards with regard to its RF emissions. The device is however
still subject to §15.5 and §15.29, which explain general good use practices such as minimizing any
RF inference, and require the owner of the device to present it for inspection upon request by the
FCC, or discontinue the use if informed by the FCC that it is causing harmful interference.
While the device is not subject to the specific technical standards set forth by the FCC, it is
still good to keep them in mind for the design of the device. The FCC sets forth guidelines for
low-power, non-licensed transmitters which restrict the use of certain frequency bands, and limit the
maximum emission energy of non-licensed devices. Within this study two primary frequencies were
considered for communication — 45 kHz and 18 MHz — both of which lie within open frequency
bands. When operating at 45 kHz the emitted field strength must not exceed 53µV/m at 300m from
the device, and when operating at 18 MHz the emitted field must not exceed 30µV/m at 30m from
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the device. If the system stays within these limits, it can be tested and verified in-house, labeled
with an appropriate compliance label, and sold in the U.S. However, if the device exceeds these
emission limits, specific licensing and certification from the FCC may be required.
Appendix D: Design Standards Discussion

